Dust samples from sintering and detonation coating hard metal processes were characterized for composition (bulk, discrete particle and surface), generation of hydroxyl radicals in solution and micronucleus induction in vitro. Scanning electron microscopy and energy dispersive X-ray spectroscopy analysis were used to characterize discrete particle composition and elemental distribution. Electron spin resonance (ESR) was used to assay hydroxyl radical (HO·) spin-trap adducts. Post-detonation coating materials indicate that some particles contain substantial Cr and lesser amounts of other metals not present in the pre-coating materials. Post-detonation coating samples often had apparent surface Co and sometimes Cr on the tungsten carbide (WC) particles, as shown by elemental mapping of individual particles. This surface Co and Cr was not evident in pre-detonation samples or unsintered materials. ESR spectroscopy indicates that detonation-coating materials are capable of generating HO·, while the unsintered, WC and cobalt materials in this study did not. The overspray materials from the detonation-coating process produced 9-fold more HO· than pre-detonation samples, on a mass basis. Results suggest that elemental location and distribution, rather than composition alone, are important in explaining the differences in hydroxyl radical generation. Detonation coating materials and unsintered materials also showed differences in chemical pathways of HO· generation. Micronucleus induction was strongest for the post-detonation overspray, and comparable for the unsintered and pre-detonation materials. Overall, this study indicates there are substantial differences in the morphology, elemental distributions, chemical pathways of HO· generation and chromosomal damage induced by post-detonation materials, relative to either pre-detonation or unsintered hard metal process materials, and that these differences may be important in the hazard potential of these hard metal materials.
INTRODUCTION
Hard metals usually consist of tungsten carbide (WC) and a metallic binder, generally cobalt. WC content generally exceeds 80%; Co content generally ranges from 5 to 15%. Some materials also contain other metals or their carbides. Typical industrial applications are for cutting where extreme hardness is necessary. NIOSH (1977) estimated that >30000 individuals are exposed to hard metal dusts at industrial worksites.
Asthma and pulmonary fibrosis (Lison, 1996) , and lung cancers (Lasfargues et al., 1994) have been linked to hard metal dust exposure. Disease characterized by diffuse interstitial pulmonary fibrosis was identified in 1940 and named hard metal disease. Occupational exposures are monitored by measuring workplace area and personal exposures to Co; the OSHA permissible exposure limit (PEL) is 100 µg/m 3 . IARC (1991) has classified Co and Co compounds as possible human carcinogens (Group 2B).
A case study in a hard metal coating facility Figuerola et al., 1992) has shown lung disease, including a fatality, despite Co exposures below the PEL. The objectives of this study were to characterize materials from both sintering and detonation coating processes and compare the results to pinpoint which variables are critical to hazard potential. The hypothesis tested was that the post-detonation material has enhanced toxic potential, because of physical and chemical characteristics attained during the process, resulting in an increased generation of hydroxyl radicals (HO·) in solution.
METHODS
Two hard metal samples were obtained at a detonation coating facility: a sample of the process feedstock ('pre-detonation' material) and a sample of the overspray ('post-detonation') material. The detonation coating process involves the charging of both a powder mixture and an air-acetylene mixture to a gun-barrel-type apparatus and igniting the charge, which heats and propels the powder components onto the target part to be coated. Overspray material that misses the target may fuse with other debris in the coating booth, which may include dusts from other coating processes. WC and Co samples were the materials used in formulating sintered hard metal products. The unsintered sample was the blended WC-Co mixture before molding and sintering.
Scanning electron microscopy (SEM) was used to record images of particles and particle clusters, and to obtain discrete particle elemental composition and elemental maps of the aggregates, using energy dispersive X-ray spectroscopy (EDS). Discrete particle composition analyses were determined by SEM-EDS, acquiring an EDS spectrum for each particle and identifying all elements. Quantitative results for the list of elements were computed and tabulated, normalizing the results to a total of 100% by weight, excluding elements lighter than sodium. Bulk chemical analysis was done by X-ray fluorescence for W, C, Co, Cr, V, Ni, Ti, Ta and Nb.
Electron spin resonance spectroscopy (ESR) was used to measure hydroxyl radical (HO·) production by hard metal materials in solution. Fifty mg of each material was weighed into vials and 900 µl of air-saturated phosphate-buffered saline (PBS) was added, as well as 100 µl of 0.5 M 5,5-dimethyl-1-pyrroline N-oxide (DMPO) in H 2 O. The solution was left to stand for 10, 15, 30, 45 and 60 min, and then the liquids were removed with a syringe, a 0.2 µm filter was installed and the filtered liquid was added to a flat ESR sample tube. ESR spectra were obtained at 9.45 GHz and a field of 3365 ± 50 G. Relative concentrations of HO· were estimated from peak areas. The metal-ion chelators deferoxamine, diethyltriaminepentaacetic acid (DETAPAC) and 1,10-phenanthroline were added to final concentrations of 0.5, 0.5 and 5 mM, respectively, to determine whether metal ions in general and Fe ions in particular influence radical generation. Catalase (2000 U/ml) and superoxide dismutase (SOD, 5 µg/ml) were used to examine for H 2 O 2 or superoxide species involvement in HO· radical generation.
For the micronucleus assay, cells were seeded into dishes (1.5 × 10 6 /dish) with complete medium and incubated overnight. The cells were challenged with hard metal dust suspended in medium for 24 h. The cells were harvested by trypsinization, and suspensions centrifuged for 10 min at 300 g. The supernatant was discarded and 5 ml of 0.075 M KCl hypotonic solution was added to the cells at 37°C for 5 min. The hypotonic reaction was terminated by adding 5 ml of freshly prepared fixative solution, methanol:glacial acetic acid 3:1. The cells were centrifuged for 10 min at 300 g. After removal of the supernatant, 5 ml of fixative solution was added to the cells at 37°C for 20 min, followed by centrifugation; this was repeated once. The cells were resuspended with 1-2 ml of fixative solution, then the suspensions were dropped onto cold, clean microscope slides, stained with Diff-Quik and coded, and 1500 cells from each treatment were scored for micronuclei. Table 1 shows that the unsintered mixture and the ingredients are relatively pure, while the pre-detonation material contains substantial Fe. The overspray material also contains substantial Fe and almost 2% Cr, probably from contaminant from prior coating processes in the booth. Discrete particle analysis indicates that most unsintered and predetonation particles are mostly (>60%) WC.
RESULTS
Discrete particle analysis indicated a notable difference between the post-detonation coating sample and the other two mixtures, namely numerous particles containing elements not present in the pre-detonation coating material. One-quarter of the particles in the post-detonation coating sample had elements other than W or Co, while the samples from pre-detonation and unsintered samples had <5% of the particles containing elements besides W and Co. Particles were also analyzed for inhomogeneous distribution of W and Co by elemental mapping of discrete particles. The notable difference between the post-detonation materials and the others was the Co contamination of almost all WC particles; the maps show Co on almost all particles, while Co for the other mixtures tends to be in specific areas. The Co coverage on the WC and other particles is possible condensation from the vapor phase or liquid coating. ESR results indicate comparable HO· amounts from the pre-detonation and post-detonation overspray samples with ~9-fold higher production by the overspray. HO· production by the unsintered mixture, Co and WC samples was below the limits of detection. The three mixtures showed major signal attenuation with catalase present, extinguishing some spectra entirely and establishing hydrogen peroxide species as intermediates, typical of Fenton chemistry. Superoxide dismutase had a slight negative effect on HO· production by post-detonation materials, no effect on the pre-detonation mixture and almost total extinction by the unsintered mixture, suggesting Haber-Weiss chemistry with two of the three materials. Treatment of both detonation coating materials with three different metal ion chelators strongly attenuated or extinguished the spectra. Conversely, the unsintered sample spectra were enhanced slightly by deferoxamine, and were strongly enhanced by DETAPAC (almost 5-fold), indicating a markedly different dependence on metal ion chelation.
Micronucleus induction in V79 Chinese hamster lung fibroblasts is shown in Fig. 1 . There is a significant dose-response for all three mixtures, and none for the ingredient WC and Co materials.
DISCUSSION
A mechanism that has been suggested for a number of agents associated with pulmonary fibrosis is the generation of reactive oxygen species (ROS). Recent studies (Lison et al., 1995) have demonstrated that hard metal pre-sintering mixtures are potent generators of ROS, such as HO· radicals, while the component WC and Co materials are inert or only very weak producers of them. Additionally, studies using antioxidants such as butylated hydroxytoluene (Lison et al., 1995) show that macrophage damage by hard metal materials in vitro is sharply reduced. The ROS mechanism is notably consistent with the observations that the component WC and Co materials are radically less toxic than the hard metal WC-Co mixture in both in vitro and in vivo studies. It should be noted here that although WC is not considered toxic or a ROS generator itself, it has potent catalytic properties that allow replacement of Pt in many applications (Bennett et al., 1974) and may function to facilitate oxygen reduction in hard metal ROS generation.
The HO· results of this study confirm that ROS are generated by hard metal materials and extend the findings of Lison et al. (1995) to new, related materials-detonation coating materials. Detonation coating materials are altered substantially in the coating process, and show features and compositions that are different from both the feedstock material and materials from conventional hard metal processes. Post-detonation overspray dusts are enhanced in Cr, from an unknown source, and show surface contamination, especially Co. This is the optimal situation for ROS production: an O 2 -adsorbing, catalytic WC surface coated with a reducing agent, which allows very close proximity of the agents and facilitated production of ROS once redox reactions begin. As noted above, the HO· radical concentration is ~9-fold higher after firing the mixture at the target part. Results also indicate enhanced induction of micronuclei in V79 cells in vitro, relative to the other hard metal materials of this study. Since the lifetime of HO· is very short in solution (~1E-10 s), it must be produced in close proximity to vulnerable molecules or structures. Direct particle or fiber interactions with chromosomes have been observed for chrysotile asbestos fibers (Wang et al., 1987) , and HO· damage of DNA is well established (e.g. bleomycin) (Povirk and Austin, 1991) . Lipid peroxidation has been demonstrated in many studies. While ROS/HO· has not been proven to cause hard metal disease or other types of fibrotic lung disease, it is consistent with mechanistic studies of other fibrogenic agents, such as bleomycin.
In conclusion, the post-detonation particles studied have a distinctive morphology and composition, and these properties are highly efficient for the production of ROS in solution at physiological conditions. The deposition of Co and Cr on WC particles, probably as condensation from the vapor phase, is vastly different from the conventional process materials. Acetylene combustion temperature is sufficient for vaporization of both Co and Cr. Oxygen molecules can adsorb on WC particles from the vapor phase or from solution, and WC may facilitate O 2 reduction by metals. Deposition of metals on the WC assures that the distance between the metals and the O 2 is very small, providing enhanced production rates of ROS. Co, other metals and ROS may be released into solution, allowing additional oxygen adsorption from solution, and this process can be repeated.
